The present study used the following attentional blink paradigm: when two targets are to be identified in rapid serial visual presentation, the processing of the first target interrupts the identification of the second one appearing within 500 ms after the first-target onset. It has been assumed that the reduction of the second-target accuracy is mainly due to a transient inhibition of attentional reorienting from the first to the second target, which is modulated by the GABA system. Using magnetic resonance spectroscopy, we investigated whether individual variation of attentional blink magnitude is associated with GABA concentrations in the left prefrontal cortex (PFC), right posterior-parietal cortex (PPC), and visual cortex (VC) of humans. GABA concentrations in the PFC were related negatively to attentional blink magnitude and positively to the first-target accuracy. GABA concentrations in the PPC were positively correlated with attentional blink magnitude. However, GABA concentrations in the VC did not contribute to attentional blink magnitude and first-target accuracy. Our results suggest that frontoparietal inhibitory mechanisms are closely linked with individual differences in attentional processing and that functional roles of the GABAergic system in selective attention differ between the PFC and PPC.
Introduction
The visual system processes scenes in a split second. However, selective attention processing is performed in a serial fashion for the identification of items and events in a visual scene. Attentional blink reflects such a fundamental aspect of selective attention (Raymond et al., 1992) . In a rapid serial visual presentation (RSVP) paradigm, stimuli are presented sequentially at the same position. Observers are instructed to detect the first and second targets embedded in a sequence of distractors. The firsttarget identification impairs the second-target identification when the stimulus onset asynchrony (SOA) between the first and second targets is Ͻϳ500 ms. This gap between the two targets indicates a temporal limit for reorienting attention from the first to second target (for a recent review, see Martens and Wyble, 2010) .
There is interindividual variability in attentional blink magnitude (i.e., the size of the attentional deficit), which is defined as the difference in the second-target accuracies between short and long SOAs (MacLean and . In general, shorter SOAs lead to larger reduction of the second-target accuracy. However, it is known that ϳ5% of population, called nonblinkers, does not show significant attentional blink (Martens and Wyble, 2010) . Consider what neural mechanisms affect individual differences in attentional blink magnitude. It has been found that the prefrontal cortex (PFC) and posterior-parietal cortex (PPC) are neural bases of processes related to attentional blink (Hommel et al., 2006; Husain and Nachev, 2007; Kihara and Takeda, 2012; Raffone et al., 2014; Glennon et al., 2016) . Specifically, the PFC is more activated for nonblinkers than for blinkers (Feinstein et al., 2004) . Patterns of the second-target-related P300 component in the frontal areas differ between blinkers and nonblinkers (Martens et al., 2006) . Alpha-and beta-band oscillations in frontal and parietal areas during a resting state are correlated with individual differences in attentional blink magnitude (MacLean et al., 2012) . These findings indicate that differences in attentional blink magnitude are derived from frontoparietal functions for each individual.
Many researchers have postulated that the inhibition of bottom-up attention is associated with attentional blink (Raymond et al., 1992; Fragopanagos et al., 2005; Olivers and Meeter, 2008; Taatgen et al., 2009; Wyble et al., 2009; Kihara et al., 2011; Simione et al., 2012; Raffone et al., 2014) . Specifically, a transient inhibition of bottom-up attention occurs after the onset of the first target and continues for half a second to protect the firsttarget processing against interference from irrelevant information of other RSVP items. Therefore, the second target appearing during the inhibitory period cannot receive attentional processing, leading to attentional blink. Inhibition functions are probably modulated by the GABA system. For instance, attentional blink magnitude is increased with the administration of benzodiazepines (i.e., GABA agonists; Boucart et al., 2000; Boucart et al., 2007) . In pharmacological studies in humans, however, it is essentially difficult to specify what brain areas are affected by the GABAergic system.
From a neurochemical perspective, we examined what brain areas play an important role in attentional control during an attentional blink task. Magnetic resonance spectroscopy (MRS) was used to quantify regional GABA concentrations in the human brain. The visual cortex (VC), as well as the PFC and PPC, was chosen as a voxel of interest (VOI). In contrast to the PFC and PPC, the VC does not contribute directly to attentional control for the detection of RSVP targets (Marois et al., 2004; Choi et al., 2012) . We hypothesized that GABA concentrations in the PFC and PPC are correlated with individual differences in attentional blink magnitude, but those in the VC are not.
Materials and Methods
Participants. Twenty-nine subjects (24 males and 5 females, mean age 31.4 years, range 21-58) participated in this experiment. All were righthanded Japanese subjects with normal or corrected-to-normal vision. Five participants were excluded due to lack of MRS data in any VOI. The distribution of neurotransmitter measures followed a normal distribution (Kolmogorov-Smirnov test, p Ͼ 0.16). However, a Smirnov-Grubbs test showed that GABA signals of two participants were outliers (one showed a signal of 0.19 in the PPC and the other showed a signal of 0.30 in the VC). Therefore, these two were removed from the dataset, making the sample size 22. The results based on Pearson's correlations were essentially the same as those based on Spearman's rank order correlations (Table 1) . Therefore, the former case is reported below. Written informed consent was obtained from all participants. The study was performed in accordance with the Declaration of Helsinki and was approved by the Ethics and Safety Committees at NTT Communication Science Laboratories and ATR-Promotions.
Attentional blink task. A stream of visual stimuli consisted of two targets and 26 distractors. Targets were different letters chosen from A to Y except for I, O, and Q. The distractors were randomly chosen digits (1-9) with a constraint that the same digit was not presented successively. The number of distractors before the first target varied between six and 10. Each item (visual angle, 1.0°) appeared for 100 ms without an interstimulus interval. The items, colored in white (261.6 cd/m 2 ), were presented against a black background (0.3 cd/m 2 ). Stimuli were presented on a 23-inch LCD monitor driven at a 60 Hz refresh rate and controlled by MATLAB (RRID: SCR_001622) with the Psychophysics Toolbox (Brainard, 1997; Pelli, 1997;  RRID: SCR_002881). The viewing distance was ϳ57 cm.
In this study, we used a 3 (intertarget SOA) ϫ 2 (first-target difficulty) within-subject design. Following conventional attentional blink procedures (MacLean and Arnell, 2012), we set three levels of intertarget SOAs. The second target was presented as the second, third, or eighth item after the first target (i.e., 200, 300, or 800 ms SOAs). A masked or unmasked first target was used to control the performance level of the first-target accuracy (difficult and normal conditions). This manipulation was intended to avoid a too-easy load for potential nonblinkers. The first-target masking generally induces the reduction of the first-target accuracy, yielding an enlargement of the attentional blink (Seiffert and Di Lollo, 1997) .
A cross-hair fixation was presented at the beginning of each trial (Fig. 1 ). Participants were instructed to start a trial at their own pace and identify two targets in an RSVP stream. At the end of the stream, participants were asked to indicate letters by a key press corresponding to targets. There was neither time pressure for their answer nor feedback about their performance. This experiment consisted of a total of 150 trials, including 25 repeats for six conditions. Trials were randomized across the participants. Before an experimental session, participants performed 12 practice trials. It took ϳ20 min to complete the task.
MRS data acquisition. To minimize confounding factors affecting neurotransmitter concentrations, we conducted the acquisition of MR spectra at a fixed time from 1:00 P.M. to 2:30 P.M. Data were acquired with a 3 T MRI scanner with a 12-channel receive-only head coil (MAGNETOM Trio; Siemens). Head motion was minimized with comfortable padding around the participant's head. For assessment of cortical thickness and volume, anatomical images were obtained with a T1-weighted pulse sequence (isotropic voxel size of 1 mm 3 ). MR spectra were acquired from three 3 ϫ 3 ϫ 3 cm 3 VOIs positioned in the PFC, PPC, and VC ( Fig. 2A ). Voxels were positioned using internal landmarks to achieve a consistent position across participants. Note that MR spectra could not be measured from both hemispheres at the same time. Accordingly, we selected the left PFC and right PPC as VOIs because these regions are considered as critical regions involved in the control of temporal attention during the attentional blink (Hommel et al., 2006) . The left PFC voxel was located at the anterior part of the middle frontal gyrus (BA 46). The right PPC voxel was placed on the intraparietal sulcus (BA 7) and the voxel included a part of the superior and inferior parietal lobules. The VC voxel was centered bilaterally on the calcarine sulcus (BA 17). Three consecutive runs were acquired for each participant from the different voxels. Before each run, we carefully performed manual shimming (ϳ5 min) of the magnetic field in the voxel to avoid line broadening. MR spectra were obtained using a GABA spectral editing sequence. For each spectrum, 64 spectral averages of 1024 data points were acquired with a repetition time of 1500 ms and an echo time of 68 ms, resulting in a scan duration of 3 min 18 s. In a preliminary study, we identified that the data quality did not differ among 64, 128, and 256 spectral averages. Therefore, we used the shorter duration to reduce effects of head motion on MR spectra. An editing pulse with bandwidth of 44 Hz was applied at 1.9 ppm (on) and 7.5 ppm (off) in interleaved scans. The difference in the edited spectra yielded the GABA peak ( Fig. 2B ). For MRS data analysis, GANNET and in-house software was used to quantify total GABA in the difference spectra (Edden et al., 2014) . All spectra were phase and frequency aligned to creatine (Cr) and modeled with a simple Gaussian function. The final results were expressed as the ratio of GABA signal areas (a peak at 3.00 ppm) relative to the Cr area. The GABA concentrations were quantified in institutional units (i.u.) (Mullins et al., 2014) . The GABA concentrations (mean Ϯ SE) were 0.140 Ϯ 0.012 i.u. for the left PFC, 0.113 Ϯ 0.005 i.u. for the right PPC, and 0.148 Ϯ 0.009 i.u. for the VC. The fit errors related to the GABA values were 13.5 Ϯ 0.7% for the left PFC, 11.9 Ϯ 0.5% for the right PPC, and 9.4 Ϯ 0.3% for the VC. Therefore, the reliability of neurotransmitter levels reached generally a satisfactory level because the fit errors were ϳ10%.
Data analysis. Identified targets were scored as correct responses regardless of participant's report order. The second-target accuracy was based on only trials in which the first target had been detected correctly. Attentional blink magnitude was computed by subtracting the second-target accuracy averaged across the 200 and 300 ms SOAs from the second-target accuracy at the 800 ms SOA because the behavioral index is suitable for the assessment of interindividual variability of attentional blink (Kawahara and Kihara, 2011; MacLean and Arnell, 2012) . We performed a repeated-measures ANOVA on behavioral performance. Tukey HSD tests were used as post hoc comparisons (␣-level ϭ 0.05). Pearson correlation coefficients (r) were computed to estimate the relationship between the behavioral indices and MRS data. Neurotransmitter measures were obtained from the three brain regions (PFC, PPC, and VC). To control for regional effects of neurotransmitters, we calculated partial correlation coefficients ( pr) between firsttarget accuracy and each GABA measure and between attentional blink magnitude and each GABA measure. Statistical analyses were performed in Statistica 6.1 (Statsoft) and R 3.2.1. (www.r-project.org).
Results
The accuracy for target identification is shown in Figure 3 . We performed a 3 ϫ 2 ANOVA on the second-target accuracy. The second-target accuracy was lower at the 200 and 300 ms SOAs (54.5 Ϯ 5.6% and 48.8 Ϯ 6.1%, respectively) than at the 800 ms SOA (84.4 Ϯ 3.6%) (F (2,42) ϭ 38.09, p Ͻ 0.001, p 2 ϭ 0.64). This indicates that attentional blink occurred in the expected time window. The second-target accuracy was lower under the difficult condition (56.7 Ϯ 6.6%) than under the normal condition (68.4 Ϯ 5.4%) (F (1,21) ϭ 17.26, p Ͻ 0.001, p 2 ϭ 0.45). This suggests that first-target masking affects the secondtarget accuracy. An interaction between intertarget SOA and first-target difficulty was significant (F (2,42) ϭ 4.15, p Ͻ 0.03, p 2 ϭ 0.16). We calculated attentional blink magnitude to evaluate individual differences in the attentional blink effect. Attentional blink magnitude was greater for the difficult condition (38.7 Ϯ 6.2%) than for the normal condition (26.9 Ϯ 4.9%) (t (21) ϭ 2.10, p Ͻ 0.05, two-tailed). This is consistent with earlier demonstrations of the effect of difficulty on attentional blink magnitude (Seiffert and Di Lollo, 1997) , suggesting that the mask superimposed on the first target interferes with attentional reorienting to the second target, which leads to an enlargement of attentional blink magnitude.
We performed a 3 ϫ 2 ANOVA on the first-target accuracy, which did not differ among the 200, 300, and 800 ms SOAs: 78.0 Ϯ 3.9%, 81.9 Ϯ 3.6%, and 81.2 Ϯ 3.5%, respectively (F (2,42) ϭ 2.84, p Ͼ 0.07, p 2 ϭ 0.12). The first-target accuracy was higher under the normal condition (90.4 Ϯ 2.1%) than under the difficult condition (70.3 Ϯ 3.6%) (F (1,21) ϭ 60.61, p Ͻ 0.001, p 2 ϭ 0.74). This result observed in the present study is comparable to that in ordinary attentional blink studies (Seiffert and Di Lollo, 1997) . The interaction was not significant (F (2,44) ϭ 1.22, p Ͼ 0.30, p 2 ϭ 0.05). Note that the significant attentional blink magnitude was observed in the normal condition, in which there were only two nonblinkers (i.e., the second-target accuracy at critical SOAs of 200 and 300 ms exceeded that at the 800 ms SOA). This suggests that the first-target identification was difficult enough to produce the attentional blink for most of the participants even when the first target was not masked. Accordingly, the first-target accuracy reflects individual differences in the control of temporal attention, not a ceiling effect. The firsttarget accuracy was significantly correlated with attentional blink magnitude in the normal condition (r ϭ Ϫ0.59, p Ͻ 0.004), but not in the difficult condition (r ϭ 0.19, p Ͼ 0.39), suggesting that the attentional blink magnitude was underestimated in some participants in the difficult condition (see Discussion).
We computed correlation coefficients between GABA concentrations and behavioral indices (Fig. 4) . For the normal condition, attentional blink magnitude was related negatively to GABA concentrations in the PFC (r ϭ Ϫ0.62, p Ͻ 0.003) and positively to GABA concentrations in the PPC (r ϭ 0.51, p Ͻ 0.02). A multiple regression analysis revealed that the GABA concentrations in PFC and PPC accounted for the 61.9% variance of attentional blink magnitude (adjusted R 2 ϭ 0.579, F (2, 19) ϭ 15.46, p Ͻ 0.001). GABA concentrations in the PFC were correlated with the first-target accuracy (r ϭ 0.54, p Ͻ 0.01). However, GABA concentrations in the PPC were not significantly correlated with the first-target accuracy (r ϭ Ϫ0.08, p Ͼ 0.73). For the difficult condition, GABA concentrations in the PPC were significantly correlated with attentional blink magnitude (r ϭ 0.45, p Ͻ 0.04), but not with the mean first target accuracy (r ϭ Ϫ0.35, p Ͼ 0.10). GABA concentrations in the PFC were neither correlated with attentional blink magnitude (r ϭ Ϫ0.23, p Ͼ 0.30) nor with the first-target accuracy (r ϭ 0.28, p Ͼ 0.19). However, GABA concentrations in the PFC were significantly correlated with the second-target accuracies in the 200 ms SOA (r ϭ 0.53, p Ͻ 0.02) and 300 ms SOA (r ϭ 0.60, p Ͻ 0.004). In both the normal and difficult conditions, GABA concentrations in the VC were not significantly correlated with attentional blink magnitude (for the normal condition, r ϭ Ϫ0.16, p Ͼ 0.48; for the difficult condition, r ϭ 0.11, p Ͼ 0.60) or with the firsttarget accuracy (for the normal condition, r ϭ 0.22, p Ͼ 0.32; for the difficult condition, r ϭ 0.26, p Ͼ 0.22). Furthermore, using a partial correlation analysis, we specified the contribution of a specific brain region to each behavioral performance by ruling out effects of the other regions. The results showed the same pattern as Pearson's correlation coefficients between GABA concentrations and behavioral indices. For the normal condition, attentional blink magnitude was significantly correlated with GABA concentrations in the PFC ( pr ϭ Ϫ0.67, p Ͻ 0.001) and PPC ( pr ϭ 0.63, p Ͻ 0.002), but not with those in the VC ( pr ϭ Ϫ0.14, p Ͼ 0.52). The first-target accuracy was significantly correlated with GABA concentrations in the PFC ( pr ϭ 0.51, p Ͻ 0.02), but not with those in the PPC ( pr ϭ Ϫ0.09, p Ͼ 0.69) or VC ( pr ϭ 0.11, p Ͼ 0.62). For the difficult condition, attentional blink magnitude was significantly correlated with GABA concentrations in the PPC ( pr ϭ 0.44, p Ͻ 0.05), but not with those in the PFC ( pr ϭ Ϫ0.26, p Ͼ 0.23) or VC ( pr ϭ 0.11, p Ͼ 0.62). The first-target accuracy was not correlated with GABA concentrations in the PFC, PPC, or VC ( pr ϭ 0.22, Ϫ0.41, and 0.29, p Ͼ 0.33, 0.05, and 0.18, respectively). In summary, GABA concentrations in the PPC were positively correlated with attentional blink magnitude in the normal and difficult conditions. In the normal condition, GABA concentrations in the PFC were correlated negatively with attentional blink magnitude and positively with the first-target accuracy.
Discussion
We tested the hypothesis that GABA concentrations in the left PFC and right PPC affect attentional control during an attentional blink task. Behavioral results were consistent with previous findings that attentional reorienting during a 500 ms gap between the first and second targets is closely linked to attentional blink magnitude (Raymond et al., 1992) . More importantly, a neural interaction between regional GABA levels was found: participants who had higher GABA concentrations in the PFC showed smaller attentional blink magnitude, whereas those who had higher GABA concentrations in the PPC showed larger attentional blink magnitude. The attentional blink reflects the failure of temporal orienting of attention from the first to the second target (Raymond et al., 1992; Martens and Wyble, 2010) . Therefore, our results indicate that a balance of GABA concentrations in the frontoparietal areas is responsible for individual differences in temporal aspects of attentional control ability. GABA concentrations in the VC did not contribute to individual differences in either the first-target accuracy or attentional blink magnitude. This finding is consistent with our prediction derived from the view that the VC is not involved in the control of attention required for the attentional blink task (Marois et al., 2004; Choi et al., 2012) . We discuss below the roles of the PPC and PFC in attentional blink.
GABA concentrations in the right PPC were correlated with attentional blink magnitude, but not with the first-target accuracy. The GABAergic system in the PPC may not be associated with the identification itself of targets embedded in an RSVP stream because attentional blink magnitude in the present study was defined exclusively by the second-target accuracy. Therefore, GABA levels in the PPC are positively linked to the deficit in second-target identification due to failure of attentional reorienting from the first to the second target. Psychological studies have demonstrated that a transient inhibition of attentional reorienting during a 500 ms gap between the first and second targets plays an important role in attentional blink (Raymond et al., 1992; Fragopanagos et al., 2005; Olivers and Meeter, 2008; Taatgen et al., 2009; Wyble et al., 2009; Kihara et al., 2011; Simione et al., 2012; Raffone et al., 2014) . It has been found that the posteriorparietal inhibitory mechanism is involved in the performance of various attentional tasks and, specifically, that the right PPC is probably responsible for attentional blink (Husain and Nachev, 2007; Corbetta et al., 2008) . Therefore, it is plausible that the GABAergic system in the right PPC mediates the transient inhibition of attentional reorienting, leading to attentional blink.
GABA concentrations in the left PFC were correlated negatively with attentional blink magnitude and positively with the first-target accuracy under the normal condition. This interaction of the correlations means that the first-and second-target accuracies improve as GABA concentrations increase. Under the difficult condition, GABA concentrations in the left PFC were significantly correlated with the second-target accuracies in the 200 ms SOA and 300 ms SOA. This confirms that GABA concentrations are linked to successful identification of visual targets in general. A possible explanation for the correlations related to the first and second target accuracies is that the amount of attention devoted to the first target is suppressed by the GABAergic system. Given a consensus that attentional blink is mainly caused by the assignment of limited attentional resources to the first target (Martens and Wyble, 2010; Arnell and Shapiro, 2011) , one may predict that the identification of the first target is improved by increasing attentional resources. This idea can be consistent with the present study based on the finding that excessive attentional resources deteriorate the first-target identification (Olivers and Nieuwenhuis, 2005, 2006) . It is likely that GABA concentrations in the PFC are positively related to identification accuracies of both targets because the following stimulus interferes with the identification processing of the first target (Potter et al., 2004; Bachmann and Hommuk, 2005) and the interference increases if attentional resources become more available (Lavie, 1995) . Therefore, GABA concentrations in the PFC would be positively related to identification accuracies of both targets.
Another explanation is that GABA concentrations in the PFC contribute to the top-down attentional control for identifying the targets. In the attentional blink paradigm, observers have to form an attentional set for detecting specific features of targets in a top-down manner (Di Lollo et al., 2005; Olivers and Meeter, 2008) . Neuroimaging studies have demonstrated that the left PFC is responsible for the maintenance of the task set (Dosenbach et al., 2006; Mayr et al., 2006; Banich, 2009 ) and PFC activity is increased with successful detection of the first and second targets (Hommel et al., 2006) . Therefore, identification accuracies of both targets depend on the top-down attentional set for target properties maintained by the left PFC. Taking the findings of the present study and previous ones into account, we can expect that the GABAergic system in the left PFC plays a critical role in maintaining top-down attention throughout a trial. Unfortunately, the present study was not designed to distinguish which explanation is more plausible. However, the two explanations are not necessarily mutually exclusive because the attentional blink is thought to be caused by multiple factors Martens and Wyble, 2010) . Therefore, the GABAergic system in the PFC could contribute to the reduction of attentional resources to the first target and the control of the attentional set for target identification.
A possible reason for the null correlations between left prefrontal GABA levels and behavioral performance in the difficult condition might be the relatively low second-target accuracy at 800 ms in some participants (n ϭ 5), whose performance decreased Ͼ15% in the difficult condition. Such reduced secondtarget accuracy at a longer SOA has occasionally been reported when the first target task is very difficult (Kihara et al., 2007) . In that case, the attentional blink period is extended and thus the attentional blink magnitude is underestimated accordingly. In fact, we found significant negative correlations for the first-target accuracy and attentional blink magnitude in the normal condition, but not in the difficult condition. We infer that the impact of the first-target difficulty manipulation differed across participants, resulting in the lack of a significant correlation under the difficult condition. Notably, the first-target accuracy was lower in those participants relative to others, probably due to suboptimal use of the attentional setting. The data from those participants are likely to contribute to the null correlation between the first-target accuracy and GABA concentrations in the left PFC.
The present study focusing on the control of temporal attention also has implications for the frontoparietal GABAergic system underlying the spatial characteristics of attention. Several studies have demonstrated that attentional blink magnitude depends, not only on the temporal lag, but also on the spatial distance from the first to second targets. For example, Kristjánsson and Nakayama (2002) reported that attentional blink magnitude decreases with increasing spatial distance between the two targets (for similar results, see also Du et al., 2011) . Kristjánsson and Nakayama discussed their findings in terms of lateral inhibition. That is, attending to the first target causes a transient inhibitory zone (at least ϳ9°of visual angle in diameter) surrounding the location of the first target. Therefore, GABA-mediated inhibitory mechanisms in the PPC and PFC observed in this study would be involved in both temporal and spatial limitation of visual attention.
In conclusion, the present study shows that GABA concentrations in the right PPC and left PFC are correlated with attentional blink magnitude in the opposite directions. In addition, GABA levels in the PFC are related to the first-target accuracy. These results suggest that the right posterior-parietal GABAergic system is critical for transient inhibition of attentional reorienting toward the second target during the attentional blink period, whereas the left prefrontal GABAergic system contributes to decreasing attentional resources to the first target and/or attentional processing for identifying the target(s) embedded in RSVP distractors in general. In addition, GABA concentrations in the VC are not correlated with accuracies for either target, suggesting that GABAergic functions in the VC are not involved in the attentional processing for the RSVP task. Although the involvements of the frontoparietal cortices (Martens et al., 2006) and GABA concentrations (Boucart et al., 2007) in attentional blink have been examined individually, the present results demonstrate the direct connection between such regions and GABAergic functions regarding attentional blink. Therefore, we can consider that the PPC and PFC activities observed in previous attentional blink studies reflect GABA-mediated attentional processing. Our findings suggest that individual differences in attentional blink depend on inhibitory mechanisms of the PFC and PPC regions, in which concentrations have different effects on the first-and second-target identifications.
